Rationale/objectives Although continued heroin use and relapse are thought to be motivated, in part, by the positive incentive-motivational value attributed to heroin, little is understood about heroin's incentive value during the relapse-prone state of withdrawal. This study uses place preference to measure the incentive value attributed to escalating-dose heroin in the context of heroin dependence. Methods Male Fischer rats were exposed chronically to escalating doses of heroin in the homecage and during place preference conditioning sessions. Conditioned preference for the context paired with escalating-dose heroin was tested after homecage exposure was discontinued and rats entered acute spontaneous withdrawal. Individuals' behavioral and locomotor responses to heroin and somatic withdrawal signs were recorded. Results Conditioned preference for the heroin-paired context was strong in rats that received chronic homecage exposure to escalating-dose heroin and were tested in acute withdrawal. Behavioral responses to heroin (e.g., stereotypy) varied widely across individuals, with rats that expressed stronger heroin preference also expressing stronger behavioral activation in response to heroin. Individual differences in preference were also related to locomotor responses to heroin but not to overt somatic withdrawal signs. Conclusions Escalating doses of heroin evoked place preference in rats, suggesting that positive incentivemotivational value is attributed to this clinically relevant pattern of drug exposure. This study offers an improved preclinical model for studying dependence and withdrawal and provides insight into individual vulnerabilities to addiction-like behavior.
Introduction
Heroin addiction is a chronic relapsing disorder associated with significant socioeconomic and public health consequences. In humans, heroin addiction is characterized by recurrent phases of chronic drug exposure, spontaneous withdrawal, and relapse to drug-seeking behavior. Continued drug use and high rates of relapse are thought to be motivated by the aversive state of withdrawal and/or the positive incentive-motivational value of the drug itself (Frenois et al. 2005; Jaffe 1992; Koob 2009; Koob and Kreek 2007; Koob and Le Moal 2001, 2008; Berridge 1993, 2000; Hutcheson et al. 2001) . While the aversive state of opiate withdrawal is well characterized (Azar et al. 2003; Dymshitz and Lieblich 1987; Harris and Aston-Jones 1993; Rothwell et al. 2009; Spanagel et al. 1994) , little is known about the positive incentivemotivational value of heroin during withdrawal. An important goal of current psychopharmacology research is to identify how the incentive value attributed to heroin by a dependent individual contributes to heroin-seeking behavior that can persist across withdrawal and prolonged abstinence.
The present study uses a place preference paradigm to measure heroin's incentive value within the context of heroin dependence and withdrawal. Exposure to a drugpaired context is a major factor precipitating relapse-like behaviors in animal models of drug addiction (Crombag et al. 2008; Shaham et al. 2003; Shalev et al. 2002 ), yet little work has characterized place preference responses to a drug-paired context in dependent subjects. Place learning paradigms require an effortful approach toward a context and are sensitive to both preference and aversion, offering insight into both directional and activational aspects of drug-paired stimuli (e.g., Bardo and Bevins 2000) . While place preference can be usefully applied to animal models of dependence, to our knowledge, only one study has measured heroin place preference in dependent rats (Wang et al. 2009 ). In that study, heroin injections were relatively infrequent (twice per day) and at low doses (up to 75mg/kg/ day), limiting the ability to generalize findings to clinically relevant conditions.
In the present study, place preference conditioning has been integrated into a preclinical model of heroin dependence developed by our laboratory to reflect key aspects of human addiction. Rats received frequent, intermittent homecage injections of heroin at doses that increased progressively (to 75mg/kg/day) over a prolonged (10-day) period, mimicking the progressive increases in heroin consumption that characterize human addiction (e.g., Dole et al. 1966; Haertzen and Hooks 1969; Kreek et al. 2009 ). In parallel to this chronic homecage exposure to heroin, rats learned to associate regularly scheduled injections of heroin with a unique context. Conditioned preference for this heroin-paired context-thought to reflect the incentive-motivational value attributed to escalating-dose heroin-was then tested in a heroin-free state, once chronic homecage exposure to heroin was discontinued and rats entered acute spontaneous withdrawal.
As place preference studies often use constant, low doses of heroin to elicit conditioned preference for the heroinpaired chamber (Bardo et al. 1995; Tzschentke 1998 Tzschentke , 2007 , our first aim was to determine if rats would prefer a context paired with escalating doses of heroin. Recent work revealed that escalating doses of cocaine induce longlasting conditioned place preference in mice (Y. Itzhak, personal communication), yet few studies have examined place preference for escalating doses of heroin. Conditioned preference for a heroin-paired context was first measured in subjects exposed to escalating doses of heroin during place preference conditioning but that received no other exposure to heroin. Preference for escalating-dose heroin was then measured in heroin-dependent rats, once their chronic homecage exposure to heroin was discontinued and they had entered acute withdrawal. We hypothesized that conditioned preference for escalating-dose heroin would emerge in both groups but that preference would be stronger in the context of heroin dependence.
The present study will also identify the extent to which heroin preference can be predicted by behavioral patterns that emerge in response to heroin and/or during acute withdrawal. Extensive research has identified factors that may predict an individual's vulnerability to psychostimulant self-administration and addiction-like behavior (Allen et al. 2007; Belin et al. 2008 Belin et al. , 2009 Blanchard et al. 2009; Lucas et al. 1998; Mandt et al. 2008 Mandt et al. , 2009 Nelson et al. 2009; Piazza et al. 1990 Piazza et al. , 1991 . Limited work, however, has explored behavioral factors contributing to opiate reward or individual differences in the context of opiate dependence (Deroche et al. 1993; Gieryk et al. 2010; Glick et al. 1992; McNamara et al. 2010; Wang et al. 2009 ). Examining the extent to which behavioral responses to chronic heroin exposure vary between individual rats and/or predict heroin preference may offer insight into individual vulnerabilities to dependence and/or relapse.
Methods

Animals
Subjects (n=39) were adult male Fischer-344 rats (90-120 days old; Charles River Laboratories, Wilmington, MA, USA) housed in a stress-minimized animal facility, accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care, at The Rockefeller University. Subjects were housed individually in standard clear shoebox cages with bedding, nest material and food/water ad libitum, and were weighed and handled daily. Subjects adapted to a reverse 12:12 h light/dark cycle (lights off at 0500 hours) for >1 week before the study; dim red lights allowed observation. Animal care and experimental procedures were conducted according to "Principles of laboratory animal care" and the "Guide for the Care and Use of Laboratory Animals" (National Research Council 1996) and the Institutional Animal Care and Use Committee.
Chronic exposure to escalating doses of heroin and acute spontaneous withdrawal Heroin (diacetylmorphine; National Institute on Drug Abuse, Bethesda, MD, USA) was dissolved in physiological saline (0.9%) solution. The schedule of heroin administration was designed to mimic patterns of heroin use often observed in human addicts (e.g., Dole et al. 1966; Kreek et al. 2009; Hser et al. 2008; e.g. Zhou et al. 2008 ) with continued, intermittent administration of escalating doses of heroin across the active period and into the inactive period of the circadian cycle (Table 1) . Subjects (n=12) received three daily intraperitoneal injections of heroin for ten consecutive days, starting 4 h into the dark cycle (0900 hours) and spaced 6 h apart thereafter to approximate the half-life of heroin's bioactive metabolites in rats (Cerletti et al. 1980; Ko and Dai 1989; Way et al. 1960) . One subject died after injection on day 4 and was removed from all analyses. Controls (n=6) received saline vehicle on an identical schedule. Starting on day 11, heroin was withheld to allow spontaneous withdrawal.
Subjects not given homecage exposure to heroin A separate set of subjects (n=16) did not receive any homecage exposures to heroin but received a single injection of heroin at increasing doses (2.5-25 mg/kg), as described above, every other day for 10 days during place preference conditioning (Table 2 ). These subjects were thus exposed to the same conditioning stimuli as chronically exposed subjects but received no other heroin exposure. Two subjects died after injection and were removed from all analyses. Vehicle-treated controls (n=5) received vehicle injections on the same schedule.
Behavioral observations
To minimize stress and disruption, observations were performed while subjects were in their homecages. The observer was not blind to condition.
Heroin administration In rats given chronic homecage exposure to heroin, behaviors were recorded during visual checks once per minute for 40 min, starting after the first daily injection (at 0900 hours). Subjects not given homecage heroin exposure were placed into the place preference apparatus after receiving their only heroin injections and thus could not be observed. Typical behaviors included explore, rear, corporal groom, gnaw object, nest-build, walk, eat/drink, quiet wakefulness, and apparent sleep. Heroin-induced behavioral responses included pica (chewing/consumption of nonfood material, e.g., bedding), stereotypy of head/forelimbs, aberrant grooming (plucking/pulling at fur or digits), and hyperactivity. A point was awarded for each response present during each check (two points were awarded for responses that co-occurred, e.g., pica and stereotypy), and points were summed across each 40-min session. These responses were observed more frequently when stupor was mild (rated 1-2, see below) or absent, and toward the end of the 40-min session. The depth of behavioral stupor was rated on a graded scale based on volitional movement, orienting response, muscle rigidity, and stance (1=little volitional movement, slowed orienting response, little/no muscle rigidity, upright stance; 5=no orienting/startle response, severe muscle rigidity, prone position); regardless of its depth, stupor almost always coincided with exophthalmos. Duration of stupor (number of checks in which stupor was observed) was comparable to previous reports (Bloom et al. 1976; Havemann and Kuschinsky 1982; Mayo-Michelson and Young 1992; Young and Khazan 1986) .
Somatic withdrawal Somatic withdrawal signs were observed for 5 min, starting at 0900 hours, at 12, 36, and 60 h after the final heroin injection. The number of wet shakes, hops/darts, paw tremor, facial fasciculation/ teeth chatter, and swallowing movements, as well as the presence of ptosis, piloerection, erection, abnormal posture, diarrhea (observed in homecage), and a loss of ≥1% body weight, were recorded for each subject (Gellert and Holtzman 1978; Langerman et al. 2001) . A point was awarded for each present sign and added to the total number of observed signs for a daily score.
Place preference apparatus
The place preference apparatus (Med Associates, St Albans, VT, USA) consisted of two equal-sized chambers (27.5 cm W×21 cm L×20.5 cm H) connected to a small central chamber with gray walls and solid gray flooring through manually operated doors. Chambers were dimly lit by small overhead white lights. One side chamber contained white walls and mesh flooring and the other side chamber contained black walls and bar flooring. The time spent in each chamber and the locomotor activity within each chamber were monitored by infrared photobeams traversing the floors. Each apparatus was contained within a larger sound-attenuating chamber.
Place preference paradigm
Pre-conditioning session Prior to any drug exposure, each subject was allowed access to all three chambers of the place preference apparatus for 30 min. Subjects expressed a pre-existing bias for the black side chamber, so vehicle was assigned to that chamber and heroin to the white chamber (Bardo et al. 1995; Tzschentke 1998 Tzschentke , 2007 . Conditioning began on the next day.
Conditioning phase-heroin Subjects received their second regularly scheduled heroin injection of the day (at 1500 hours) and were placed promptly in the white side chamber for 30 min (Table 1) . These sessions occurred every other day (i.e., days 1, 3, 5, 7, and 9) for 10 days and occurred on days in which the dose of all regularly scheduled heroin injections was increased. Thus, each consecutive session used a higher dose of heroin that matched the dose of the other homecage injections that day. After each session ended, subjects were returned to their homecage and remained undisturbed until their next heroin injection (at 2100 hours). Vehicle-treated controls received vehicle injections.
Conditioning phase-vehicle On alternate days (days 2, 4, 6, 8, and 10), subjects were injected with saline vehicle (at 1300 hours) before being placed in the black side chamber for 30 min (Table 1 ). These sessions were timed so that they did not coincide with peak behavioral or physiological effects from earlier heroin injections (at 0900 hours) or the emergence of spontaneous withdrawal signs (prior to the first daily injection). After the session ended, subjects returned to their homecages for 90 min before receiving their second daily heroin injection to minimize its association with the end of this session.
Post-conditioning (test) session
Testing occurred 36 h after chronically exposed subjects received their final heroin injection (Table 1 ) and when somatic withdrawal signs peaked (data not shown).
Subjects could freely access all chambers for 30 min, and they entered each chamber at least once. Time spent in the heroin-paired chamber was compared to time spent in the vehicle-paired chamber.
Subjects not given homecage exposure to heroin Subjects (n=14) were exposed to an identical conditioning schedule, except that the increasing doses of heroin administered during conditioning constituted subjects' only exposure to heroin (Table 2) . Controls (n=5) received vehicle injections.
Locomotor activity Breaks in the infrared beams within each place preference chamber, made by a subject's body, were recorded using MedPC-IV software (Med Associates, St Albans, VT, USA). The total numbers of beam breaks across each conditioning session were analyzed. Locomotor activity did not differ between vehicle-treated groups, so their data were pooled for analyses and presentation.
Statistics
Statistical analyses were performed using Statistica (version 5.5), with a significance level of P<0.05. All ANOVAs were followed with a Newman-Keuls post hoc test or planned comparisons between treatment groups and/or across days. All t tests were two-tailed and followed a Levine's test for homogeneity of variance. Nonparametric tests were used as needed. Body weights across heroin exposure (days 1-10) were compared using a two-way ANOVA (day as repeated measure). During withdrawal (i.e., day 12), weights were compared using a one-way ANOVA. Homecage behaviors (e.g., total number of heroininduced behavioral responses or mean depth of behavioral stupor across each 40-min period) were compared using oneway ANOVAs (days as repeated measure). Locomotor activity in each conditioning chamber was compared across sessions and treatment using two-way ANOVAs (day as repeated measure). Locomotor data averaged across all sessions was compared across treatment groups using a one-way ANOVA. Locomotor data failed to record during vehicle conditioning for seven subjects given no homecage exposure; data from these subjects were omitted from subsequent locomotor analyses. Withdrawal scores recorded at each time point were compared across heroin-treated groups using independent t tests. The time spent in each chamber of the place preference apparatus during the post-conditioning test session was compared across treatment groups using a two-way ANOVA (chamber as repeated measure). The difference in time that an individual rat spent in the heroin-versus vehicle-paired chamber during the test session was used to reflect the strength of an individual's preference for the heroin-paired chamber. Two criteria were used to identify a heroin preference (HP) or heroin non-preference (NP) in each rat. To be identified as HP, a rat must spend ≥5 min in the heroinversus vehicle-paired chamber during the test session, and this difference in time must be >1 standard deviation above that of vehicle-treated controls. Rats that did not meet criteria were identified as NP. Behavioral data from HP and NP rats were compared in independent t tests and locomotor data compared using a two-way ANOVA. Correlations were performed using Pearson's tests and regressions calculated using GraphPad Prism v2.0.
Results
Body weight There was a significant main effect of day [F(9,288)= 14.19, P <0.001], treatment [F(3,32)= 51.69, P<0.001], and day×treatment interaction on rats' body weight [F(27,288)=33.13; P<0.001] (Fig. 1) . Post hoc tests revealed that weights decreased significantly between day 1 and days 4-10 (P<0.05 to 0.001) and were lower in each heroin-treated group than its vehicle-treated controls (both P<0.001). The weights of all vehicle-treated controls did not differ. Weights of rats given chronic homecage exposure to heroin were lower than weights of rats not given homecage exposure (P < 0.001), with planned comparisons revealing a highly significant difference on days 8-10 [F(1,32)=42.55, P<0.001]. On day 12, 36 h after chronic homecage exposure ended, body weights differed across treatment groups [F(3,32)=66.84; P<0.001]. Each heroin-treated group weighed less than its vehicle-treated control group (each P<0.001) and rats given chronic heroin exposure weighed less than subjects not given homecage exposure (P<0.001).
Homecage behavior-behavioral stupor There was a significant effect of day on the depth of behavioral stupor expressed by subjects given chronic homecage exposure to heroin [F(9,90)=4.56, P<0.001] (Fig. 2) . Planned comparisons revealed that the depth of behavioral stupor increased significantly from the first day to the final days (9-10) of heroin exposure [F(1,10)=21.42; P<0.001].
Homecage behavior-somatic responses to heroin There was a significant effect of day on the number of heroininduced behavioral responses expressed by rats given chronic heroin exposure [F(9,90)=4.08, P<0.001] ] (Fig. 3) . Post hoc tests revealed that more heroin-induced behavioral responses were observed on days 6, 8, 9, and 10 than on day 1 (all P<0.05). The two most prominent responses, hyperactivity and stereotypy, were subsequently analyzed Fig. 1 Body weight of subjects, shown as percent of weight in grams, over days. Subjects received escalating doses of heroin (n=25; black shapes) or vehicle (n =11; white shapes) during heroin place preference conditioning. One subset of these subjects also received chronic, daily exposure to escalating doses of heroin (n=11, black circles) or vehicle (n=6, white circles) in their homecages; see Table 1 for details. A second subset of subjects was not given homecage exposure to heroin (n=14, black squares) or vehicle (n=5, white squares); see Table 2 for details. Arrow denotes the first day in which all injections were withheld. *P<0.05 compared to subjects not given homecage exposure to heroin; # P<0.05 compared to matched vehicletreated controls; † P<0.05 compared to day 1 (all groups). Data are represented as mean±SEM and also revealed a significant effect of day [respectively, F (9,90)=2.43 and F(9,90)=2.36; both P<0.05], with more hyperactivity and stereotypy observed on days 9-10 than on day 1 [F(1,10)=10.82 and F(1,10)=15.30; both P<0.05] (data not shown). Somatic responses increased when heroin was given at the same (low) dose for the second consecutive day [days 1-2, t(10)=2.651; days 3-4, t(10)=2.587; both P<0.05].
Locomotor activity-heroin conditioning There was a significant main effect of treatment [F(2,33)=6.03, P<0.01] and a treatment×session interaction that neared significance [F(8,132)=1.94, P=0.058] on locomotor activity in response to escalating doses of heroin administered prior to each conditioning session (Fig. 4a) . Post hoc tests revealed that locomotor activity was higher in rats given chronic homecage exposure to heroin compared to rats not given homecage exposure (P<0.01) and that locomotor activity increased significantly between the first and last conditioning session only in rats given chronic homecage exposure to heroin [F(1,33)=8.81, P<0.01]. To examine rats' overall locomotor response to heroin, data from all heroin conditioning sessions were pooled (Fig. 4b) . Overall locomotor activity in response to heroin was lower in rats not given homecage heroin exposure than rats given chronic homecage exposure to heroin [t (23) (Fig. 4c) . Locomotor activity was lower in rats given chronic homecage exposure compared to vehicle-treated controls across all sessions (P<0.01) and to rats not given homecage exposure during sessions 1-4 [F(1,26)=5.22, P<0.05]. Overall, locomotor activity was lower in rats given chronic homecage versus no homecage exposure [t(16) = 4.266, P < 0.001] and Fig. 3 Total number of heroin-induced somatic responses, including hyperactivity, stereotypy, pica, and aberrant grooming, expressed during the daily 40-min observation session. Dark gray bars represent the first day that each dose was administered, and light gray bars represent the second day that this same dose was administered. P<0.05 in response to the same dose (asterisk) or compared to day 1 (#) or day 3 ( †). Data are represented as mean±SEM Fig. 2 Behavioral stupor in response to chronic (10-day) homecage exposure to escalating doses of heroin, observed during daily 40-min observation sessions. The depth of behavioral stupor was recorded after subjects received injections of 2.5 (a), 5 (b), 10 (c), 15 (d), and 25 mg/kg of heroin (e). Black shapes represent the first day that each dose was administered, and white shapes represent the second day that the same dose was administered.
# P<0.05 compared to day 1; *P<0.05 in response to the same dose. Data are represented as mean±SEM compared to vehicle-treated controls [t(20)=3.228, P<0.01] (Fig. 4d) . Heroin-treated rats showed no evidence of being in an overt state of withdrawal before or after any vehicleconditioning session.
Somatic withdrawal Overt withdrawal signs were observed after heroin exposure ended in both heroin-treated groups (Fig. 5) but not vehicle-treated controls. Prior to place preference testing (36 h after chronic homecage exposure to heroin ended), chronically exposed rats expressed more overt withdrawal signs than subjects not given homecage exposure [t(23)=6.14, P<0.001].
Conditioned preference for escalating doses of heroinThere was a significant main effect of treatment [F(1,15)= 5.20, P<0.05] and chamber [F(2,30)=6.18, P<0.01] and a treatment×chamber interaction [F(2,30)=3.48, P<0.05] in the time spent in each chamber of the place preference apparatus by rats given chronic homecage exposure to escalating-dose heroin or vehicle (Fig. 6) . These herointreated rats spent more time in the heroin-paired chamber than did the vehicle-treated controls [F(1,15)=5.31, P<0.05] and Fig. 4 Locomotor activity recorded during each conditioning session with heroin (a, b) and with saline vehicle (c, d), expressed by subjects given chronic homecage exposure to heroin (n=11; black shapes), subjects not given homecage exposure to heroin (n= 14; white shapes), and controls that received saline vehicle on an identical schedule (gray shapes). a Heroin was administered at an increased dose (2.5-25 mg/kg) during each conditioning session. These injections constituted a continuation of subjects' homecage exposures to heroin (black shapes) or subjects' only exposures to heroin (white shapes). Control subjects received vehicle injections (gray shapes). (Fig. 6, inset) . Vehicle-treated controls spent similar amounts of time in each chamber.
Individual differences in heroin preference
The strength of conditioned preference for the heroin-paired chamber varied across individuals given chronic homecage exposure to heroin (Fig. 7a) . Seven subjects were identified as having a relative heroin preference (HP), while the remaining four subjects did not meet criteria and were identified as nonpreference (NP). HP subjects spent more time in the heroinversus vehicle-paired chamber than did NP subjects [t(9)= 4.36, P<0.005] (Fig. 7b) . Heroin preference also differed across subjects not given homecage exposure to heroin (Fig. 7a, inset) . Seven subjects were identified as HP and seven subjects as NP. Two NP subjects preferred the center chamber and spent little time in either side chamber; as it was unclear how to interpret this preference response, their data were omitted from subsequent analyses. HP subjects spent more time in the heroin-versus vehicle-paired chamber than NP subjects [t(10) = 4.35, P < 0.005] (Fig. 7b, inset ).
Individual differences in heroin-related behaviors Behavioral stupor induced by heroin did not differ between HP and NP subjects on any individual day (Fig. 8a) . To examine rapid (24 h) behavioral tolerance in response to the same doses of heroin, data were averaged across days that heroin doses were escalated (odd days) and days that heroin doses remained constant (even days); no differences emerged between HP and NP subjects (Fig. 8b) . Heroin-induced somatic responses were also similar in HP and NP subjects on each day (Fig. 8c) . To examine rapid sensitization in response to the same doses of heroin, data were averaged across odd and even days, as above. HP subjects expressed significantly more heroin-induced somatic responses on days that heroin doses remained constant (even days) compared to Fig. 6 Conditioned preference for a chamber paired with escalating doses of heroin, expressed by rats given chronic homecage exposure to heroin (black bars) or vehicle (white bars). Preference was tested 36 h after heroin-treated rats received their final heroin injection (Table 1) . Inset Conditioned preference for a chamber paired with escalating doses of heroin, expressed by subjects not given homecage exposure to heroin (black bars) or vehicle (white bars) but that were conditioned and tested on the same schedule as their chronically treated counterparts. *P<0.05 between treatment groups; # P<0.05 between conditioning chambers. Data are represented as mean±SEM Fig. 7 a The strength of heroin preference varied across individual subjects given chronic homecage exposure to escalating doses of heroin (black shapes). Individuals were identified as having a strong heroin preference (HP, n=7) or heroin non-preference (NP, n=4), based on criteria (see Methods section). Inset Subjects not given homecage exposure to heroin were also identified as HP (n=7) and NP (n=5). b The strength of heroin preference differed significantly between HP (black bars) and NP (hatched bars) subjects given chronic homecage exposure to heroin. Inset The strength of heroin preference also differed between HP and NP subjects not given homecage exposure. *P<0.05 between preference groups. Data are represented as mean±SEM days that heroin doses increased (odd days) (Fig. 8d) ; this difference was not significant in NP subjects. On even days, there was a positive correlation between the frequency of heroin-induced somatic responses and the strength of heroin preference [all dependent subjects, r(11)=.56; P=0.07], with these responses explaining a substantial proportion of variance in heroin preference [R 2 =0.32, F(1,9)= 4.234, P= 0.07]. Locomotor activity during heroin conditioning was slightly higher in HP than NP subjects during sessions 3 and 4 (Fig. 8e) and overall (Fig. 8f) , but was Fig. 8 Behavioral responses of subjects expressing strong conditioned preference for the heroin-paired chamber (heroinpreference, HP; black bars) or weak/no preference for the heroin-paired chamber (non-preference, NP; hatched bars) following chronic homecage exposure to heroin. All data are represented as mean±SEM. a, b The depth of behavioral stupor induced by heroin in HP and NP subjects on each day (a) and across days (b) that the dose was escalated (odd days) or remained constant (even days). c, d The frequency of heroin-induced behavioral responses in HP and NP subjects on each day (c) and across days (d) that the dose was escalated (odd days) and remained constant (even days); *P<0.05 in HP subjects. e Locomotor activity recorded during heroinconditioning sessions in HP (black shapes) and NP subjects (white shapes) given chronic homecage exposure to heroin or (inset) HP and NP subjects not given homecage exposure to heroin. f Locomotor activity across all heroin-conditioning sessions in HP (black bars) and NP (hatched bars) subjects given chronic homecage exposure to heroin and (inset) HP and NP subjects not given homecage exposure to heroin similar in nondependent HP and NP subjects (Fig. 8e, f,  insets) . Withdrawal scores in HP and NP subjects did not differ 12, 36, or 60 h after subjects received their last heroin injection (data not shown). No relationships emerged between overt withdrawal signs and the strength of heroin preference. Similar analyses could not be run in nondependent subjects as withdrawal signs were too infrequent (Fig. 5) . Typical homecage behavior was similar in all subjects.
Discussion
The present study uses place preference to measure the incentive value attributed to heroin within a preclinical model of heroin dependence. Rats learned to associate escalating doses of heroin with a unique chamber while receiving chronic exposure to escalating doses of heroin in their homecages and, when tested during acute spontaneous withdrawal, preferred the heroin-paired chamber. Although conditioned place aversion has been used to examine the aversive state of withdrawal (Azar et al. 2003; Dymshitz and Lieblich 1987; Harris and Aston-Jones 1993; Rothwell et al. 2009; Spanagel et al. 1994) , few studies have used conditioned place preference to measure heroin's incentive value across this relapse-prone period. Paired with chronic homecage exposure to heroin, the present place preference study offers insight into the incentive-motivational value attributed to heroin by a dependent rat, once heroin is discontinued and withdrawal begins.
Like humans, rodents allowed to self-administer heroin or morphine will increase their drug consumption over time (Ahmed et al. 2000; Chen et al. 2006; Dai et al. 1989; Kruzich et al. 2003) . Here, subjects learned to associate a unique context with increasing doses of heroin that reached high levels, extending existing opiate place preference studies that used low doses that escalated modestly (Wang et al. 2009) or remained constant (see Bardo et al. 1995; Tzschentke 1998 Tzschentke , 2007 . Furthermore, the amount of drug that each subject received was standardized through the use of experimenteradministered injections. This design may thus be more amenable to investigating molecular mechanisms underlying behavioral changes across the addiction cycle compared to self-administration designs in which drug exposure can vary substantially across individuals.
It is thought that tolerance to the euphorigenic and/or sedative effects of a drug contribute to escalated drug consumption over time (e.g., Ahmed et al. 2000; Walker et al. 2003; Lenoir and Ahmed 2007; Le Merrer et al. 2009 ). Despite examples of rapid tolerance to sedative (stupor-like) response to repeated doses of heroin in the present study, however, behavioral stupor did not predict the strength of preference for the context paired with escalating-dose heroin. Given the inherent limitations of rat models, the role of euphoria in heroin preference remains unclear but is intriguing, as the subjective pleasure evoked by a drug is thought to contribute directly to the incentive value attributed to the drug Berridge 1993, 2000) and clinical reports suggest that heroin's sedative and euphorigenic effects are dissociable (e.g., Haertzen and Hooks 1969) .
In contrast to behavioral stupor, somatic behavioral responses to heroin increased across chronic heroin exposure, consistent with other works (Adler and Geller 1984; Larcher et al. 1998; Stewart and Badiani 1993) . Examples of rapid behavioral sensitization also emerged in response to repeated heroin exposures, especially at low doses. As rats that expressed stronger heroin preference also expressed stronger behavioral responses to heroin given at a constant (repeated) dose, we speculate that the incentive value attributed to escalating-dose heroin may be influenced, in part, by the extent of physical dependence and/or degree of behavioral sensitization across relatively brief time periods.
Locomotor activity in response to heroin was elevated in dependent rats given chronic homecage exposure to heroin, as expected (e.g., Bailey et al. 2010 ), but was low and constant in the relatively nondependent group. Unlike dependent rats, nondependent rats displayed substantial behavioral stupor across the entire heroin conditioning session that may have competed with heroin's psychomotor effects. Mechanisms contributing to these differences might also contribute to distinct locomotor patterns that persist across withdrawal from chronic versus intermittent morphine (Le Marec et al. 2011) . It is interesting to note that, in dependent rats, individuals that expressed stronger heroin preference displayed a trend toward stronger psychomotor responses to heroin compared to rats that expressed weak/no heroin preference. That psychomotoric and reinforcing properties of opiate drugs are thought to be mediated by partially distinct mechanisms (e.g., Bailey et al. 2010; Sharf et al. 2010 ) has interesting implications regarding presumed neurobiological differences in HP and NP rats. As this relationship between heroin-induced activity and preference did not emerge in the nondependent HP and NP rats, this emerging pattern may be specific to the state of dependence.
The incentive value attributed to heroin by dependent rats raises intriguing questions regarding the strength and persistence of heroin's value across subsequent stages of the addiction cycle. Preference for escalating doses of cocaine persists longer than preference for constant or decreasing doses (Y. Itzhak, personal communication), and it is likely that conditioned preference for escalating-dose heroin also persists over prolonged periods. This period would allow us to measure heroin's incentive value in dependent rats across drug abstinence and examine the extent to which potential pharmacotherapies, administered after intact conditioning, disrupt the expression of place preference at discrete points across this relapse-prone period. Although many existing rodent models designed to explore motivation across withdrawal incorporate aspects of behavioral extinction (e.g., Gerak et al. 2009; Hellemans et al. 2002; Lu et al. 2002 Lu et al. , 2005 Shaham et al. 1996; Shalev et al. 2001; van der Kam et al. 2009; Zhou et al. 2005) , behavioral extinction can alter motivation-related systems (Bahar et al. 2003; Fuchs et al. 2006; Knackstedt et al. 2010; Self et al. 2004; Sutton et al. 2003) and has limited clinical relevance (O'Brien and Gardner 2005) . Models that omit behavioral extinction and predictive cues that influence drug-seeking behavior (Shaham et al. 1996 (Shaham et al. , 2003 Zhou et al. 2005) , such as the present model, may offer relevant insight into motivational changes across withdrawal.
A major goal of this study was to determine if a state of acute withdrawal contributes importantly to heroin's incentive value. While the magnitude of heroin preference did not correspond to patterns of somatic withdrawal signs, extending limited self-administration analyses (Hellemans et al. 2002) , it is likely that negative emotional and stress states of withdrawal contributed to heroin preference. In rodents, withdrawal has been associated with increased anxiety-and depression-like behavior (Goeldner et al 2011; Grasing et al. 1996; Harris and Aston-Jones 1993; Rothwell et al. 2009; Zhang and Schulteis 2008) , conditioned place aversions (Dymshitz and Lieblich 1987; Harris and Aston-Jones 1993; Mucha 1987; Rothwell et al. 2009; Spanagel et al. 1994 ) elevated self-stimulation thresholds (Schaefer and Michael 1985) , and elevated and persistent heroin-seeking behavior (Hutcheson et al. 2001; Lenoir and Ahmed 2007; Gerak et al. 2009; Negus 2006; Negus and Rice 2009) . We speculate that heroin place preference reported here was not driven by avoidance of withdrawal but rather the value attributed to heroin across cycles of withdrawal and re-exposure.
Although heroin withdrawal can be highly aversive, it is unlikely that the expression of heroin place preference in this study can be attributed to an avoidance of withdrawal. At no point during conditioning did subjects learn that entering the heroin-paired chamber would alleviate symptoms of withdrawal. The stimuli gained conditioned incentive value through Pavlovian contingencies but, unlike predictive or "seeking" CS cues in self-administration studies, never predicted subsequent heroin presentations. The contextual stimuli present in the heroin-paired chamber therefore lacked predictive value. Likewise, vehicle-conditioning sessions neither predicted subsequent heroin presentations nor the omission of expected heroin injections. The association between conditioning stimuli and symptoms of withdrawal was also minimized as much as possible. All conditioning sessions were timed to occur when bioactive metabolites are present at elevated levels in rat circulation (Cerletti et al. 1980; Ko and Dai 1989; Way et al. 1960) , and no rat showed evidence of being in acute somatic withdrawal before or after any session. Although dependent rats were less active than vehicle-treated controls during vehicle-conditioning sessions, possibly reflecting a negative affective state coinciding in time with these sessions, rats spent moderate amounts of time in each chamber and did not actively avoid any chamber when tested. Furthermore, unlike forced-choice models, the third, central chamber was available as a neutral alternative to the heroin-and vehicle-paired chambers during testing. No dependent rat preferred the central chamber over the others, and the time spent in the vehicle (and central) chambers was similar across treatment groups, suggesting that neither conditioning chamber was associated with significant aversion, like that of acute withdrawal states.
It is more likely that recurrent episodes of withdrawal enhanced the incentive value attributed to heroin (Hutcheson et al. 2001; Frenois et al. 2005 ). Dysphoria and/or anhedonia associated with withdrawal are thought to establish a "deprived" motivational state that may be ameliorated by drug consumption (Koob and Le Moal 1997, 2008; Nader et al. 1994) , and clinical studies report a clear link between negative emotional states of withdrawal and subsequent motivation to consume drug (Newton et al. 2003; Uslaner et al. 1999) . In an elegant self-administration study, Hutcheson et al. (2001) revealed that heroin-dependent rats that had experienced episodic withdrawal expressed stronger heroin-seeking behavior than dependent rats that had not experienced withdrawal; authors proposed that withdrawal enhanced the incentive value attributed to heroin, which manifested in heightened drug-seeking behavior (Hutcheson et al. 2001) . Differences between somatic and affective aspects of withdrawal are clearly documented (e.g., Frenois et al. 2002; Goeldner et al 2011; Harris and Aston-Jones 1993) , and recent evidence suggests that anxiogenic and/or dysphoric states can precede overt, somatic signs of withdrawal (Rothwell et al. 2009 ). In this study, the onset of affective but not somatic aspects of withdrawal prior to conditioning may have modified the incentive value of subsequent heroin exposures. It is further possible that recurrent bouts of mild somatic withdrawal, observed sporadically in dependent rats before their morning injection, also contributed to heroin's value and, together with conditioning exposures, enhanced preference.
In an effort to clarify the role of heroin dependence during conditioning, a contrast group was exposed to identical conditioning stimuli but otherwise remained heroin naive. These rats were not in an overt state of withdrawal and did not express an overall preference for the heroin-paired context. That a subset of nondependent rats did express heroin preference suggests that certain nondependent individuals will attribute incentive value to escalatingdose heroin and possibly reflects a relatively vulnerable population. The predictive contingencies of the heroinpaired context were also much stronger in this nondependent group than in the dependent group (Rescorla and Wagner 1972; Miller et al. 1995) , and interference by homecage heroin exposures may have reduced the magnitude of place conditioning in the dependent group (Jenkins 1984) . As interference and contingency could only be controlled by altering conditioning parameters, vehicle exposure, etc., only limited comparisons can be made between these groups. The goal of the present study was not to maximize the magnitude of place preference but to build heroin preference into a chronic escalating-dose model of drug exposure, after which dependent rats expressed positive heroin place preference.
This study reveals that positive incentive value is attributed to a clinically relevant pattern of heroin exposure. Paired with chronic homecage exposure to heroin, this study offers an improved preclinical model that may be usefully applied to the study of incentive-motivational processes across drug withdrawal. Furthermore, the extent of behavioral variability across individuals of this inbred rat strain suggests that nongenomic factors, such as neuroendocrine stress responses (Koob and Kreek 2007; Piazza et al. 1991; Sinha 2008; Yap and Miczek 2008) or opioid function (Kreek and LaForge 2007; Le Merrer et al. 2009; Matthes et al. 1996; Sim-Selley et al. 2000) may drive specific vulnerabilities to heroin dependence and provides direction to future molecular studies.
